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ABSTRACT: Planetary boundary layer (PBL) meteorology plays
a vital role in air pollution, which has drawn increasing attention
due to its adverse eco-environmental impacts. Although recent
observational studies suggested the vertical heterogeneity of
pollutants in the PBL, the overall picture illustrating the structure
of the chemistry is still not fully understood, especially for polluted
regions in China. Here, wintertime observations of main gaseous
and particulate pollutants together with aerosol components and
ground-based lidar remote sensing, as well as model simulations,
are integrated to better understand the chemical process related to
PBL evolution. We find that the turbulent motion does shape
chemistry stratification in the PBL, reflected especially by a steep
ozone drop near the surface due to a strong titration effect.
Furthermore, enhanced secondary production, like sulfate and nitrate aerosols, in the upper PBL and residual layer substantially
contributes to near-surface haze pollution through vertical mixing. This work sheds more light on the chemical PBL and highlights
the importance of understanding pollution with a vertical perspective.

1. INTRODUCTION

The planetary boundary layer (PBL) is directly influenced by
the underlying surface with a time scale of about an hour or
less.1,2 The fast response to the surface forcing makes the PBL
structure quite variable in time and space.3 Daytime solar
radiation heats the surface, initiating thermal instability. As the
atmosphere is warmed through turbulent mixing, rising
thermals penetrate to the overlying free troposphere and give
rise to a convective PBL. The daytime turbulent mixing tends
to homogenize atmospheric compositions including various air
pollutants that are emitted near the surface.4 During the
nighttime, the ground surface cooling due to re-emitting
energy stabilizes the near-surface air, forming a nocturnal
inversion with a residual layer aloft. Such a drastic diurnal
change in the PBL has been demonstrated to be inherently
connected to air pollution by modulating the dispersion,
transport, and accumulation of pollutants.5−7

Air pollution causes adverse effects on human health and
jeopardizes natural ecosystems.8,9 The dispersion of pollutants
that are predominantly emitted from the surface is highly
dependent on PBL evolution since it defines the volume of air
through which the pollution is mixed.10,11 Many previous
studies indicated that a well-developed PBL is prone to
efficient dilution of pollution.6,12 In addition to freshly emitted
pollutants, nowadays, an increasingly tough pollution challenge
is secondary pollutants, especially PM2.5 (particulate matter

with aerodynamic diameters less than 2.5 μm) and ozone (O3)
pollution.13−15 These secondary pollutions are produced via
photochemical processes or multiple-phase chemistry in the
atmosphere,16 and most of the reactions take place in the PBL
where the gas precursors concentrate. Thus, PBL evolution
greatly determines secondary pollution formation through
substantially varying radiation, temperature, and water content,
as well as pollutant concentrations within it.17−19

China has been suffering from heavy air pollution in the past
decades due to fast-economic development.20 The densely
populated Beijing−Tianjin−Hebei (BTH) region features the
most severe PM2.5 pollution and also an increasing ozone
level.21−24 Some measurements in this region provided
observational evidence on a strong vertical gradient for
photochemical pollutants including ozone,23,25 an increasing
fraction of secondary aerosol with altitude,26,27 and a faster
formation rate of nitrate aerosol in the nocturnal residual
layer.28 Although these case studies are indicative of the
vertical heterogeneity of PM2.5 and O3 pollution, stratification
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of chemical processes and its interactions with PBL
meteorology are still unclear. In this study, by integrating a
four-year observation of air pollutants, aerosol composition
measurements, ground-based lidar remote sensing, and
available aircraft observation, as well as model simulations
with PBL process diagnosis, we aim to provide a general
picture of the chemical PBL and understand its impact on air
pollution.

2. MATERIALS AND METHODS

2.1. In Situ Measurement. Hourly nitrogen dioxide
(NO2), O3, carbon monoxide (CO), sulfur dioxide (SO2), and
PM2.5 are measured in Shijiazhuang. Measurements of these
pollutants during wintertime from 2016 to 2019 at two
stations, the mountain station Fenglongshan (FLS, 114.34° E,

37.89° N) with an altitude of 762.5 m above sea level (a.s.l.),
and the plain station Xibeishuiyuan (XBSY, 114.43° E, 38.17°
N, 58.8 m a.s.l.) are used. The locations of the stations and
emission of anthropogenic primary PM2.5 are illustrated in
Figure 1. Furthermore, aerosol components, including sulfate
(SO4

2−), nitrate (NO3
−), ammonium (NH4

+), organic matters
(OM), and elemental carbon (EC), were measured by
MARGA and Sunset OC-EC instrumentation in 2017 (details
can be found in the Supporting Information). Additionally,
lidar observations were continuously operated in Shijiazhuang
during the winter of 2017, which provides vertical information
on 532 nm aerosol extinction.29

2.2. Model Simulation and Processes Analysis. Online-
coupled meteorology−chemistry simulations are conducted
based on the WRF-Chem model. The simulation is conducted

Figure 1. Study area and location of observation stations. (a) Topography and primary PM2.5 emission. (b) Three-dimensional view of the
topography in the North China Plain and geographic locations of cities and stations. The blue triangle and red dot mark the mountain station FLS
and the plain station XBSY, respectively.

Figure 2. Distinct diurnal patterns of various air pollutants at different altitudes. (a−f) Statistical characteristics of diurnal variations of NO2, O3,
Ox, SO2, CO, and PM2.5 measured at a mountain station (FLS, blue lines and shadows) and a plain station (XBSY, red lines and shadows) during
the winters of 2016−2019. The solid lines present the average concentrations, and the shadows show the 25−75th percentile ranges.
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from November 2017 to February 2018. To investigate the
contributions of each individual physical and chemical process
to variations of secondary pollutants, we performed diagnostic
analysis in WRF-Chem modeling. Concentration variations
induced by PBL vertical mixing and chemical transformation
were diagnosed and recorded at each integration step. The
information on the model simulation is detailed in the
Supporting Information.

3. RESULTS AND DISCUSSION
3.1. Distinct Diurnal Characteristics at Different

Altitudes. The simultaneous and long-term measurements
at the mountain and plain station provide a unique insight on
the air pollution at different altitudes and its possible linkage
with PBL evolution. On the basis of four-year wintertime
measurements during 2016−2019 with good data coverage and
quality control at the two stations, the overall characteristics of
diurnal cycles of main air pollutants like NO2, O3 ,and PM2.5
are shown in Figure 2.
Generally, most pollutants show a lower concentration at the

mountain station compared with those at the plain station due
mainly to the fact that the majority of the pollutants are
emitted near the ground surface. For instance, in terms of CO
and NO2, which are predominantly originated from fossil fuel
combustion near the surface,30 the averaged surface concen-

trations are 58% and 55% higher than the corresponding
observations at the mountain station. The diurnal patterns of
the surface concentrations CO and NO2 are characterized by
peak values during nighttime and reaching a minimum in the
afternoon, but the observation at the mountain station FLS is
exactly the opposite. It is expected that during the afternoon
the turbulent mixing in the convective PBL enables vigorous
updraft transport of the locally emitted pollutants, while the
nocturnal stable PBL weakens the vertical dilution and
accelerates the pollutant accumulation near the surface.31 In
comparison, near-surface SO2, mainly from coal combustion in
power generation and industrial production,32 displays another
peak in the early morning. Given that the smoke stack plus
plume rise height often exceed several hundred meters and the
countergradient of SO2 is often observed in BTH,32,33 the
inversion breakup in the early morning tends to bring down
the SO2-concentrated plume from the previous night by
entrainment and hence elevates the surface SO2.

1,34 In BTH
with densely distributed coal-fired power plants, such a
morning increase of 20%−30% in near-surface SO2 concen-
tration further confirms the importance of the fumigation
(Figure S1).

3.2. Steep Ozone Countergradient in PBL. Among all
the pollutants, only O3 features relatively higher concentrations
at the mountain station FLS, with a 14 ppb (107%) increase

Figure 3. Ozone countergradient and the relationship with the precursors. (a) Scatter plot of NO2 and O3 at the mountain station FLS (blue dots)
and the plain station XBSY (red dots) during the winters from 2016 to 2019. The dashed line (x + y = 45) shows the linear regression line for
reference. Triangles and circles mark averaged hourly concentrations during daytime (golden) and nighttime (black) at these two stations. Contour
background presents the Ox levels. (b) Relationship of hourly O3 concentrations at the mountain and the plain stations. Golden and black dots
present the daytime and nighttime measurements. (c) Diurnal variation of O3 changes due to chemical production (chem) and PBL evolution
(vmix) calculated from WRF-Chem analysis for the altitudes of the FLS and XBSY stations, respectively, in the winter of 2017.
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from the ground surface to an altitude of 762.5 m. Temporally,
such a countergradient is extremely steep during midnight and
the very early morning (00−08 LST), when the discrepancy
could reach up to more than 20 ppb. O3 concentrations at two
stations become increasingly comparable in the afternoon since
that the well-developed convective PBL tends to mix the
scalars, including pollutants, uniformly vertically. Long-term
aircraft measurements in the BTH region from 1995 to 2017
also confirmed an obvious O3 countergradient in the early
morning and a smaller vertical difference in the afternoon
(Figure S2). Previous studies have attributed the O3
coutergradient to two plausible mechanisms: strong NO
titration effect near the surface and enhanced photochemical
production in the upper air.23,35 A quite close level of Ox (NO2
+ O3) at the two stations throughout the day, as shown in
Figure 2c, revealed that NO titration is mainly responsible for a
sharp O3 drop near the surface.
Figure 3a also indicated that O3 and NO2 at both stations

are negatively correlated but with a constant Ox level around
45 ppb. During the daytime, O3 concentrations at different
altitudes agree very well with each other. As the night
progresses, the mountain station retains the same level as that
of the formerly well-mixed PBL and essentially decouples from
the ground. On the contrary, the XBSY station in the surface
layer features stable air with a weaker turbulence, and thus, O3
undergoes a rapid chemical loss by reaction with locally

accumulated NO. To shed more light on the relative
contributions from photochemistry and PBL mixing, WRF-
Chem simulations are conducted and validated by available
observations (Figure S3). As shown in Figure 3c, NO titration
substantially depletes O3 near the surface, particularly after
sunset, while a residual layer without direct contact with the
surface keeps a higher level overnight. A residual layer exists for
a while after sunrise, when solar radiation may trigger
photochemical reactions and O3 production there. As the
surface continually warms, a residual layer with higher O3 is
entrained into the newly formed mixing layer and increases the
near-surface O3 level. Such an important role of PBL evolution
of a morning increase in the near-surface O3 has been observed
and verified by numerical modeling in a previous work.36

3.3. Enhanced Secondary Aerosol Formation in
Upper PBL. Although PM2.5 pollution has been mitigated in
past years, secondary aerosols are still a challenge in the winter
haze in China.37,38 As demonstrated in Figure 4, in situ
measurements of aerosol chemical composition in Shijiazhuang
are indicative of the dominance of secondary compositions like
SO4

2−, NH4
+, and NO3

− (SNA) in PM2.5 concentration. In
terms of the diurnal cycle, secondary aerosol SNA usually
peaks before noon, differing from elemental carbon (EC) with
a nighttime maximum. As a result, rising secondary aerosols
and declining primary aerosols (EC and part of OM) offset
each other, and hence, the PM2.5 concentration shows little

Figure 4. PBL evolution shapes the vertical structure of secondary aerosol production. (a) Diurnal pattern of median lidar-observed extinction at
Shijiazhuang in the winter of 2017. (b) Diurnal pattern of PM2.5 mass concentration and various chemical compositions, including sulfate (SO4

2−),
nitrate (NO3

−), ammonium (NH4
+), organic matter (OM), and elemental carbon (EC), at Shijiazhuang. (c) Averaged diurnal variations of SNA

(SO4
2− + NO3

− + NH4
+), EC concentration, and PBL height at Shijiazhuang in the winter of 2017. (d) Modeled vertical distributions of gaseous

nitric acid (HNO3) and ammonia (NH3) concentration, together with chemical production of nitrate aerosol diagnosed by the WRF-Chem model
(blue isolines with units of μg m−3 h−1). (e) Vertical structure of modeled sulfuric acid (H2SO4) and cloud identification by lidar (blue dots,
extinction greater than 5 km−1 and depolarization greater than 0.1) in the winter of 2017.
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change in the morning. Vigorous turbulence in the afternoon
disperses both primary and secondary aerosols into an
increasingly deeper mixed layer, leading to a minimum PM2.5
level then.
Due to the lack of observations on vertical information on

aerosol chemical composition, we further analyze the vertical
heterogeneity in the chemical process of secondary aerosol
production with the aid of a WRF-Chem simulation. Nitrate,
one important PM2.5 composition generally with a mass
contribution of more than 20%,39,40 is mainly originated from
gas-to-particle partitioning of nitric acid (HNO3) and
hydrolysis of dinitrogen-pentaoxide (N2O5). During the
daytime, it is formed via the homogeneous gas-phase reaction
between NO2 and a hydroxyl radical (•OH) throughout the
mixed layer and then neutralized by ammonia to produce
ammonium nitrate (Figure 4d). Instead, at night, a nitrate
radical (•NO3), generated by the reaction of NO2 with O3,
further reacts with NO2 to establish a chemical equilibrium
with N2O5. As aforementioned, the abundant O3 in a residual
layer could continuously react with NO2 and efficiently
produce N2O5.

41 At the surface, on the contrary, such a
process would be greatly hindered by extremely low O3 and
high NO. Given the NO2 profile and ammonia availability,
nighttime nitrate production via gas-to-particle partitioning of
nitric acid may peak at altitudes of several hundred meters.
Correspondingly, the nitrate aerosol shows a notable counter-
gradient during nighttime and early morning in the model
(Figure S4). On the succeeding day, the entrainment of
residual layer air into the newly formed PBL elevates the
surface nitrate concentration of the nitrate aerosol, with an
estimated contribution of ∼60% of the morning increase. The
morning peak of sulfate is attributed to a similar counter-
gradient in SO2 oxidation through multiple-phase chemistry.
On the one hand, the atmospheric oxidizing capacity increases
with height in the winter, and SO2 itself is mainly released by
elevated stacks, thereby facilitating sulfuric acid and sulfate
formation in the upper PBL (Figure 4e). It is estimated by the
model that SO2 oxidation under 100 m only accounts for less
than 10% of the column sulfuric acid production, while the
production in the upper PBL dominates. As a result, sulfuric
acid could reach up to 1.7 ppt in the upper air and is usually
less than 0.2 ppt near the surface. On the other hand, winter
sulfate was also significantly contributed to by cloudwater or
heterogeneous chemistry. It is noteworthy that the lidar
observations suggested that there usually exists a cloud layer
near the capping inversion (Figure 4e),42 which may enhance
sulfate production.
3.4. Implications and Outlook. Observations of air

pollutants, lidar remote sensing, and model simulations are
combined to understand PBL chemical stratification in
northern China. Although daily PBL evolution varies greatly
due to different synoptic conditions, this work provides a
general picture of the chemical PBL. We find that the turbulent
motions shape pollutant stratification in the PBL. SO2 that is
mainly emitted from elevated sources tends to peak in the early
morning due to fumigation. A steep countergradient is
observed for ozone due mainly to strong titration near the
surface. Secondary aerosol features a fast production rate in the
upper PBL and residual layer. Noteworthily, aerosol in the
upper PBL has been demonstrated to play an important role in
modifying PBL stability, thereby deteriorating pollution
accumulation.43,44 Furthermore, upper-level aerosols influence
weather/climate via mixing with light-absorbing aerosols or by

serving as cloud condensation nuclei.45 More effort on vertical
chemical observation is urgently needed for better under-
standing of the chemical PBL and its role in air pollution and
climate change.
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